University of Denver

Digital Commons @ DU
Electronic Theses and Dissertations

Graduate Studies

1-1-2019

Knee Balance Assessment During Cementation Is Detrimental to
Initial TKA Tibial Tray Fixation
Yashar Ali Behnam
University of Denver

Follow this and additional works at: https://digitalcommons.du.edu/etd
Part of the Mechanical Engineering Commons

Recommended Citation
Behnam, Yashar Ali, "Knee Balance Assessment During Cementation Is Detrimental to Initial TKA Tibial
Tray Fixation" (2019). Electronic Theses and Dissertations. 1564.
https://digitalcommons.du.edu/etd/1564

This Thesis is brought to you for free and open access by the Graduate Studies at Digital Commons @ DU. It has
been accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of Digital
Commons @ DU. For more information, please contact jennifer.cox@du.edu,dig-commons@du.edu.

Knee Balance Assessment during Cementation is Detrimental to Initial TKA Tibial Tray
Fixation
_______________
A Thesis
Presented to
the Faculty of the Daniel Felix Ritchie School of Engineering and Computer Science
University of Denver

_______________

In Partial Fulfillment
of the Requirements for the Degree
Master of Science
_______________

by
Yashar Ali Behnam
June 2019
Advisor: Dr. Chadd W. Clary, PhD

Author: Yashar Behnam
Title: Knee Balance Assessment is Detrimental to Initial Tibial Tray Fixation
Advisor: Dr. Chadd W. Clary, PhD
Degree Date: June 2019
Abstract
Despite recent advancements in implant design and cement technique, aseptic tibial
loosening remains the primary cause of revision after cemented total knee arthroplasty
(TKA) [1]. While the mechanisms of tibial loosening are multifactorial, previous research
has shown that third-generation cement techniques, including the use of jet lavage and
cement pressurization, can reduce contamination of the implant surface by lipids
endogenous to the surrounding cancellous bone and thereby enhance fixation strength
between the implant and bone [2]. The purpose of this thesis is to understand the role
contaminating lipids play in the mechanism of aseptic loosening and to perform a
cadaveric study on modern commercially available TKA systems to evaluate their ability
to mitigate the risks of poor fixation. The results from this study indicate that tibial
components with no cement mantle around the cone or keel structure provide greater
fixation and enhanced robustness to intraoperative knee balance assessment
manipulations.
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Chapter 1: Introductory Remarks

1.1 Introduction

Annually, millions of various medical devices are surgically implanted across the
world, for a multitude of reasons, and yet early failures and the risk of revision is still
seriously addressed by orthopedic surgeons and patients when contemplating the
implications of arthroplasty surgery today. Although advancements in Total Knee
Arthroplasty (TKA) components and surgical instruments are tirelessly made, the risk of
a revision surgery is still persistent, among the inherent risks of surgery. While many
focus on optimizing the materials necessary for a TKA, a shift in focus to surgical
method is necessary.
Behind infection, aseptic loosening is the leading indication for a revision surgery
within the first two years of a primary knee replacement operation (Sharkey 2014, Dalury
2013). The complexity of implant failures and current literature scarcity on endogenous
contaminating agents implies that the failure mechanism for aseptic loosening must be
multifactorial. The primary focus of this thesis is to explore and understand the effect of
surgeon behavior and surgical method on the outcome or success of a total knee
replacement, as well as its contributions to aseptic loosening. It will also explore the
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effect of contaminating endogenous lipids and the degree in which tibial base plate
geometries contribute to the robustness of the detrimental effects of these contaminants.
Furthermore, we present an experimental study aimed to replicate the surgical setting
to understand what factors contribute greatest to aseptic loosening and the failure
mechanisms of initial tray fixation failure. The results of this study aim to define the
retention strength of commercially available tibial components to illustrate the deleterious
effects of assessing knee balance prior to the full curing of the bone cement. The goal of
this study is to provide surgeons with an evidence-based recommendation that knee
balance manipulation of the joint during cement polymerization should be absolutely
avoided to maximize the implant-cement fixation strength.

1.2 Objectives

The objectives of this thesis are to:
1. Understand the failure mechanism of aseptic tibial base plate loosening
2. Compare tibial base tray fixation feature geometries
3. Design an experiment to replicate a surgical setting to focus on the effects of knee
balance assessment on tibial tray fixation strength
4. Understand the role endogenous contaminating lipids play in aseptic tibial base
plate loosening
5. Understand the influence of tibial plateau bone resection preparation on tray
fixation force
2

6. Provide surgeons with an evidence-based recommendation of changes to surgical
methods to ensure a successful TKA procedure

1.3 Thesis Overview

Chapter 1: Introductory remarks, Thesis Objective and Motivation
Chapter 2: Review of the Literature, Implant Geometry Review
Chapter 3: Experimental Study
Chapter 4: Recommendations and Concluding Remarks
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Chapter 2: Review of Literature

2.1 The Modern TKA and its Surgical Method

Modern primary TKA systems typically consist of four components: a metalbacked tibial implant, a metal-backed femoral implant, a polyethylene spacer, and a
polyethylene patella implant. The combination of these components has been prevalent in
most primary TKA systems for the last three decades (Ranawat, 2012). Of the millions of
knee replacement surgeries performed around the world annually, aseptic loosening of
the tibial component remains as the leading indication for implant failure and revision
surgery behind infection, after the first two years following operation (AJRR, 2018).
Cement bonding features such as metallic surface coatings and backside cement pockets
are not singularly responsible for weak tibial implant fixation (Sharkey, 2014). Some
argue that endogenous contaminants such as blood, bone debris, and bone marrow lipids
may prevent adequate component-bone cement adhesion, and its failure mechanism
should be explored (Peters, 2001).
Loosening is characterized by the disassociation of the tibial component from the
PMMA or tibial plateau interface (Khan, 2016). The debonding can be seen in stereoradiographic images as a dark banded region below the tibial plateau and the clouded
PMMA-cancellous bone interface (Figure 2, Source: Sumino).
4

Despite the variations in implant design and surgical instrumentation, cases of
aseptic loosening have been reported in every major commercially available knee system
around the world (AJRR, 2018). Factors such as variations in orthopedic residency or
surgery trainings, country regulations, and implant manufacturer’s recommendations
likely influence intra-operative surgeon behavior, and therefore intra-operative surgeon
behavior should be explored due to the lack of focus in the literature.
Examinations and assessments executed at a surgeon’s discretion may introduce
dissimilarities between operations and different surgeons. Variance in cementation and
lower extremity manipulation techniques and timing are just a few examples among
many potential mechanisms of introducing fixation contaminating agents into
arthroplasty procedures. Current surgical cementation protocol varies among competitive
systems, such as in the method of bone cement application. Cawley et al reports gun
cementation provides consistent cement penetration with minimal tibial component
movement, whereas his colleagues indicate factors such as spatula or hand-packing,
pulsatile lavage, high or medium viscosity PMMA, and plateau or stem geometries
contribute to adequate penetration of PMMA into the cancellous tibial bone contributing
to tibial tray fixation (Cawley, 2013). Despite PMMAs great ability to penetrate
cancellous bone, its inability to be impermeable to contaminating agents and allowing
them infiltrate and compromise the bone cement’s ability properly adhere to the implant’s
underside surface.
Lipid Marrow Infiltration (LMI) is a phenomenon in which lipids within bone
morrow or surrounding cancellous bone pockets contaminate the tibial component
5

surface following implantation. Surface contamination is believed to be a mechanism for
aseptic loosening (McTighe, 2009). To mitigate contamination, surgical procedure calls
for pulsatile jet-lavage methods to remove and clear debris from the prepared bone
(Helwig, 2013). Helwig et al have indicated although pulsatile jet-lavage led to
significantly better cement penetration and cement-to-bone contact as compared to
syringe irrigation or brush cleaning techniques, but inconsistencies in such methods could
lead to a greater prevalence of arthroplasty failure. Some argue that precautions to lipid
exposure should be taken due to its ability to inhibit PMMA component binding (Rand,
2003).
Intra-operative manual manipulations are routinely performed to assess the
balance of the knee (Nagel, 2017). Such assessments are used to determine if ligament
release or polyethylene insert thickness adjustments need to be made prior to closing the
incision. Often, the manipulation consists of passively ranging the knee from full
extension to deep flexion, with varus and valgus joint laxity examinations done in
between each range of Motion (ROM) cycle. Manipulations performed by the surgeon
before the curing time specified in the cement manufacturer’s documentation may
displace the tibial component from its original position. Micromotion of the tray during
cementation is hypothesized to open up the tray-cement interface, reducing implantcement adhesion, and possibly creating and providing cavities for the lipids to infiltrate
to. It is believed that lipids from the surrounding marrow within the cancellous bone
travel through the PMMA and onto the implant surface, but the mechanism is still not
fully understood. One hypothesized mechanism in which marrow lipids travel is through
6

the introduction of lower extremity manipulations executed prior to complete cement
polymerization.
Despite the recent advancement towards cementless TKA systems, cemented
systems are still most commonly implanted today. Polymethyl methacrylate (PMMA), or
“bone cement,” is a biologically inert adhesion compound that is used to lock polymeric
metal prosthesis to human bone. Its ability to both penetrate cancellous bone and adhere
to metal backed or polyethylene components makes it the ideal adhesion compound for
implantation of orthopedic medical devices. Two common variants of PMMA are
commercially available: high-viscosity and low-viscosity cements. The choice of cement
often varies and is likely to be dependent on the surgeon’s surgical training. Within the
orthopedic community, the preference of high-viscosity over low viscosity cement is
often debated and the focus of many research articles. Many credit high viscosity’s
popularity to its quick settling time, usually between 2 to 5 minutes (DePuy Synthes,
2013), and high cancellous bone penetration. Greater cancellous bone penetration is
correlated to greater fixation strength (Schlegel, 2014). High Viscosity’s quicker settling
times results in shorter operations, reducing the time a patient spends under anesthesia,
while also allowing the surgeon to perform more surgeries in a day. Furthermore,
Schlegal et al explored the effect of cement penetration on pull-out force and have found
a positive correlation between penetration and pull-out force.
Cementation techniques continue to vary as medical devices advance. Rational
behind applying bone cement to certain regions of the implant only, to cover the implant
completely, or apply to both the implant and the prepared bone are still widely debated
7

today. Measures to prevent, remove, and clear contaminants from the bone are routinely
performed in the operating room, yet the methods used are not consistent among
providers. Helwig et al argues that pulsatile lavage cleaning methods must become
standard over outdated syringe cleaning methods. In addition, being able to remove bone
remnants and marrow lipids from the cancellous bone provides a greater ability for bone
cement to penetrate the bone cavities and greatly contributing to an increase in tibial base
tray retention strength. The pulsatile lavage system works by flooding the cancellous
bone with water in a jet-like fashion while simultaneously suctioning the water, bonedebris, blood, and lipids out of the intramedullary cavity (Figure 1, source: McGraw
Hill). Unfortunately, the use of power and/or disposable pulse lavage systems is not
globally universal, which is not acceptable when considering the persistently high rate of
revision surgeries today, and the vast literature reporting its benefits (Helwig, 2013).
Third generation cementation techniques consist of a pulsatile lavage cleaning
system, syringe suction, and the use of an intramedullary plug. The purpose of the plug is
to ensure no pressurization of the intramedullary canal is lost during cementation (Saari,
2009). Industry standard third-generation cementation techniques coupled with the wide
array of fixation features all aim to prevent the deleterious effects of endogenous
contaminating agents.
Understanding where the lipids originate and the mechanism in which they
migrate to the surface of the implant may prove useful when considering changes in
cement technique. Previous studies replicate in vivo conditions through the use of
artificial contaminant applications, confirming the need for a similar cadaveric study. The
8

benefit of using cadaveric specimens is the degree of similarity to true live patients as
compared to experiments done in artificial environments (Billi, 2014). We hypothesized
three mechanisms in which lipids travel to the surface of the implant: 1) lipid pools at the
bottom of the intramedullary canal resection and travels upward, 2) lipids exist around
the rim of the tibial plateau due to the surrounding fatty tissue, 3) marrow lipids exist in
the area surrounding all bone cuts, upon cement pressurization, lipids travel upward and
collect on the tibial plateau surface.
The purpose of this study is to explore the effect of surgeon behavior and TKA
systems on tibial tray pull-off force, and to what degree LMI occurs during implantation.
To our knowledge, very little biomechanical literature regarding LMI exists, yet it is
commonly understood as a source of TKA cementation contamination. We hypothesize
that ROM manipulation at the knee prior to adequate PMMA polymerization provides an
avenue for LMI to contaminate proper tibial cement interface. We believe understanding
the effects of cementation technique and intra-operation manipulations of the lower
extremity will provide useful information to the members of the orthopaedic community.
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Figure 1: Illustration of generic jet pulsatile lavage cleaning system and its mechanism.
Source: McGraw Hill
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Figure 2: Aseptic loosening case. a: Anteroposterior view; b:
Lateral view. Loosening occurred 12.5 years after TKA with the FNK
CR type. This patient was female and 70 years old at primary TKA. She
underwent a revision of TKA with the FNK PS. (Source: Sumino)

Figure 3: Case specimen which received the "Motion"
knee balance manipulation protocol exhibiting significant
lipid pooling after successful pull-out testing.
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2.2 Tibial Component Implant Geometry Review

Comparison of nine leading contemporary and commercially available metal backed,
fixed bearing, tibial base tray components and their plateau-cement interface geometries

TKA components of modern knee replacement systems typically consist of metalbacked tibial and femoral components. Loosening of the tibial component is the leading
indication for revision, therefore it is often the focus of early failure mechanisms in the
literature. Designers of these components have developed fixation features to maximize
the fixation between the component and the bone. Historically, the use of PMMA bone in
combination of unique geometric features together attempt to permanently fix the implant
into the patient’s bone. Despite continuous TKA geometry advancements, aseptic tibial
loosening continues to drive the development of new and unique fixation features.
Orthopedic medical device companies all sell tibial components with unique
fixation features. The most popular geometries often include: cones, keels, the
combination of the two, or cruciform-like structures. In addition, systems that require the
use of cement also exhibit a recess, ridges, pockets, or hole-like features to maximize
cement contact surface area for adhesion. Trays that are not singularly purposed for as a
primary knee replacement may also have uncommon features such as a modular cone,
screw holes, or tapered cone geometries for tibial augmentations, stem elongation, or
insertion of peg features, which may also contribute to cement adhesion.

12

Undercut cement locking features are also present in some trays, but is not widely
common. The use of undercut cement pockets or peripheral undercut regions provides an
added mechanical locking feature beyond the usual cement to implant adhesion interface.
Coupling that with the metal to cement adhesion can significantly increase the bond
strength between the two. In addition, some trays exhibit grit blasted surfaces to achieve a
desired roughness. Although variations in surface roughness certainly exist between
implant manufacturers and could influence cement bonding, roughness values were not
extensively explored for the knee systems evaluated in this thesis.
Due to the complexity of such fixation geometries, manufacturing a complete
TKA system is likely non-trivial. The components are routinely made of non-ferrous
metals, typically consisting of Titanium (Ti), Zirconium (Zr), Cobalt Chrome (CoCr), and
Cobalt Chrome Molybdenum (CoCrMo) alloys. The manufacturing process often
includes a combination of both casting and CNC machining to complete polyethylene
insert locking mechanisms and revision features. For the production of the metal alloys,
ASTM standards such as F-75 and F-136 are strictly followed in addition to the strict
sanitation processes. Polyethylene cemented tibial component variants also exist as a cost
effective alternatives to the metal backed trays, but was not explored due to the focus on
metal backed trays in this paper. Unlike the femoral component, the tibial component is
most commonly symmetric, though asymmetric trays do exist. Clary et al explored the
effect of tibial component coverage on the tibia and found that maximizing coverage
without overhang of the implant is vital when understanding implant kinematics (Clary,
2014).
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The nine implants commercially available contemporary implants explored in this
study are metal backed, posterior stabilized (PS) TKA knee systems. They include the
Depuy Synthes Attune, Attune S+, Attune Revision, and SIGMA (Warsaw, IN);
ZimmerBiomet NEXGEN, Persona, and Vanguard (Warsaw, IN); Smith and Nephew
Genesis II (Memphis, TN); and Stryker Triathlon (Mawah, NJ) trays. Such group of
modern implants holistically captures the most common fixation features, in addition to
the latest and most advanced lightweight metal alloys.
Implant underside geometries vary among competitive systems. They are
necessary to provide the interlock between the implant and the patient’s bone, with the
addition of a prosthetic locking cement. Cone shapes, keel structures, and the
combination of the two are among the most popular. Some implants systems incorporate
the use of cement-locking features such as undercut regions or cement pockets to increase
fixation area while also providing a mechanical locking interface. Underside tray
roughness coatings significantly vary among designs. More rough surface finishes can
ideally provide greater adhesion of the bone cement. Surface coatings and geometric
features that increase surface area, such as ridges and bumps, also contribute to
maximizing the implant-cement bond.
In addition to variations in TKA geometries, some systems utilize a cement
mantle around the cone or keel structure of the tibial component. The cement mantle is
created via the use of tibial bone preparation instruments which remove a greater volume
of bone than the implant itself can fill (Figure 13). Therefore, a cement barrier is needed
to fill the space in between the cone or keel structure and the intramedullary cancellous
14

bone. Implant systems which do not utilize a cement mantle are often referred to as a
Line-Line Fit, whereas those who do are often referred to as Standard Fit. The depth of
the cement mantle is vital to the implant’s initial stability. Cement mantles of greater
depth require more cement and could result in lower initial stability of the implant due to
fewer supporting bone structures and a greater volume of cement surrounding the
implant.

Geometry Underside Overview:

Depuy Synthes Attune Standard and Line-Line

•

Combination of tapered cone and keel
structure

•

Standard and Line-Line cone
preparations

Figure 4: Depuy Synthes, Attune tibial tray geometry.
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Depuy Synthes Attune S+ Standard and Line-Line

•

Combination of tapered cone and keel
structure

•

4 undercut cement pockets in plateau
region

§
Figure 5: Depuy Synthes Attune S+ tibial tray
geometry.

Standard and Line-Line cone
preparations

Depuy Synthes Attune Stemable

•

Central cone and keel structures

•

No undercuts, although augmentation
holes also serve as cement pockets to
increase surface area

Figure 6: Depuy Synthes Attune Stemmable tibial tray
geometry.
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Depuy Synthes Sigma

•

Peripheral undercut cement locking
feature around plateau underside

•

Central cone with medium width keels

•

Keel and cruciform-like structure

•

No undercuts or cement pocket

Figure 7: Depuy Synthes Sigma tibial tray geometry.

Zimmer Biomet Vanguard

Figure 8: Zimmer Biomet Vanguard tibial tray
geometry.
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Zimmer Biomet NexGen
•

Anteriorly centered cone, with
tapered keel structure

•

No undercuts or pockets

Figure 9: Zimmer Biomet NexGen tibial tray
geometry.

Zimmer Biomet Persona

•

Assymetrical cone with tapered keel
flanges

Figure 10: Zimmer Biomet Persona tibial tray
geometry.

•

Cement pockets

•

No undercut cement locking

•

Shallow ridges that increase surface
area
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Stryker Triathlon

•

Very wide tapered keel and cruciform
structure

•

Ripple-like surface increase keel
surface area

Figure 11: Stryker Triathlon tibial tray geometry.

•

Cement pocket ridge around
periphery of plateau

Smith & Nephew Genesis II
•

Central cone structure with tapered
distal cone, stem compatible

•

Very wide keel structure with distal
taper

Figure 12: Smith & Nephew Genesis II tibial tray
geometry.

•

Ribs in plateau to increase surface area

•

Non-center cone and asymmetric
plateau
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a.

Standard Prep.

Line-Line Prep.

b.

Figure 13: Attune (DePuy Synthes) and its corresponding intramedullary tibial bone resection surgical
instrument. a) Standard Prep. illustrating greater resection of the cone region to create the cement
mantle. b) Line-Line Prep. illustrating a zero-mm gap around the cone region and therefore no cement
mantle being formed.

Table 1: Implant geometry feature overview

TKA System

Cone

Keel

Attune

X

X

Attune S+

X

X

Attune
Revision

X

X

Sigma

X

X

Vanguard

Cement
Pockets

X

X

Persona

X

X

GenesisII

X

X

Undercut
Features

Material
CoCr Alloy

X
X

CoCr Alloy
CoCr Alloy

X

CoCr Alloy
CoCrMo/Ti
Alloy

X

NEXGEN

Triathlon

Cruciform

Ti Alloy
X

Ti Alloy
Zr Alloy

X
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CoCr Alloy

Chapter 3: Experimental Study

3.1 Introduction

Total knee arthroplasty (TKA) is a novel procedure used to treat end-stage
osteoarthritic and osteolytic degenerative diseases (Ito, 2003). The American National
American Joint Registry has estimated that over 500,000 TKA procedures are performed
in the United States alone and is expected to increase by 600% between the years of 2016
and 2030 (AJJR, 2018). Despite recent advancements in implant design and cement
techniques, revision surgeries are still common. Prior studies have reported that
approximately 3% of all TKA procedures result in a revision surgery, and 60% of all
revisions occur within the first five years post-operation (Khan, 2016).
Implant loosening follows joint infection as the primary indications for revision
surgery. After two years post-op, aseptic loosening of the tibial component remains the
primary mode of TKA failure and indication for revision surgery. Aseptic loosening is
characterized by the debonding of the tibial component from the polymethyl methacrylate
(bone cement) interface (McTighe, 2009). Contemporary TKA systems today utilize
cement bonding features such as metallic surface coatings and backside cement pockets,
but are not singularly responsible for weak fixation or tibial component loosening (Khan,
2018, Billi, 2014). Endogenous contaminants such as blood, bone debris, and bone
21

marrow lipids may present complications for adequate TKA component-PMMA-bone
fixation strength. While the mechanisms of tibial loosening are multifactorial, previous
research has shown that third-generation cement techniques, including the use of jet
lavage and cement pressurization, can reduce contamination of the implant surface by
lipids endogenous to the surrounding cancellous bone and thereby enhance fixation
strength between the implant and bone (Rossi, 2010).
Variance in cementation technique and lower extremity manipulations are few
among many potential mechanisms of introducing contaminating agents into arthroplasty
procedures. Although cement technique is independent of tray design, a surgeon’s
cementation method is often learned during residency and does not consider
manufacturer recommendations. Despite this, manufacturers provide recommendations
on working temperature, mixing time, and application methods to ensure the best
performance of their product. Cawley et al. reported gun cementation provides consistent
cement penetration with minimal tibial component micromovement, whereas his
colleagues indicate factors such as spatula or hand-packing, pulsatile lavage, high or
medium viscosity PMMA, and plateau or stem geometries contribute to adequate
penetration of PMMA into the cancellous tibial bone contributing to tibial tray fixation.
Lipid Marrow Infiltration (LMI) is a phenomenon in which lipids within bone
morrow or surrounding cancellous bone pockets contaminate the tibial component
surface following implantation. Surface contamination is believed to be a mechanism for
aseptic loosening (Sugita, 1999). To mitigate contamination, surgical procedure calls for
pulsatile jet-lavage methods to remove and clear debris from the prepared bone. Helwig
22

et al. have indicated pulsatile jet-lavage led to significantly better cement penetration and
cement-to-bone contact as compared to syringe irrigation or brush cleaning techniques,
but inconsistencies in such methods could lead to a greater prevalence of arthroplasty
failure. Some argue that precautions to lipid exposure should be taken due to its ability to
inhibit PMMA component binding. Despite recent focus on improving cement
techniques, it is common for surgeons to evaluate knee balance by applying varus-valgus
traction and flexing the knee through the range of Motion before the bone cement is fully
cured.
Intra-operative manual manipulations are routinely performed to assess the
balance of the knee (Phillips, 1996). Such assessments are used to determine if ligament
release or polyethylene insert thickness adjustments need to be made. Often, the
manipulation consists of passively ranging the knee from full extension to deep flexion,
with varus and valgus joint laxity examinations done in between each range of Motion
(ROM) cycle. Manipulations performed by the surgeon before the curing time specified
in the cement manufacturer’s documentation may displace the tibial component from its
original position. Motion of the tray during cementation is hypothesized to open up the
tray-cement interface, reducing implant-cement binding, and possibly providing cavities
for lipids to infiltrate. It is believed that lipids from the surrounding marrow within the
cancellous bone travel through the PMMA and onto the implant surface, but the
mechanism is still not fully understood. One hypothesized mechanism in which marrow
lipids travel is through the introduction of lower extremity manipulations executed prior
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to complete cement polymerization. In addition, the timing and degree to which the
examinations are performed are not consistent among surgeons.
Understanding where the lipids originate and the path in which they migrate to the
surface of the implant may prove useful when considering changes in cement technique.
Previous studies replicate in vivo conditions through the use of artificial contaminant
applications, confirming the need for a similar cadaveric study. The benefit of using
cadaveric specimens is the degree of similarity to true live patients as compared to
experiments done in artificial environments (Billi, 2014). We hypothesized three
mechanisms in which lipids travel to the surface of the implant: 1) lipid pools at the
bottom of the intramedullary canal resection and travels upward, 2) lipids exist around
the rim of the tibial plateau due to the surrounding fatty tissue, 3) marrow lipids exist in
the area surrounding all bone cuts, upon cement pressurization, lipids travel upward and
collect on the tibial plateau surface.
The purpose of this study is to explore the effect of surgeon behavior during the
cement process and variations in TKA systems on tibial tray pull-off force, and to what
degree LMI occurs during implantation. To our knowledge, very little biomechanical
literature regarding LMI exists, yet it is commonly understood as a source of TKA
cementation contamination. We hypothesize that ROM manipulation at the knee prior to
adequate PMMA polymerization provides an avenue for LMI to contaminate proper tibial
cement interface. We believe understanding the effects of cementation technique and
intra-operation manipulations of the lower extremity will provide useful information to
the members of the orthopedic community.
24

In this study, the effects of cementation technique, intra-operative knee balance
assessment, and tibial preparation instrumentation variation on tibial tray retention
strength were explored. Nine different TKA systems were implanted into cadaveric
specimens and subjected to a knee manipulation during the cement curing process. Tray
pull-off tests were performed on the specimens and compared with control specimens
which did not have the knee manipulation. The underside of each tibial component was
analyzed to understand where lipid infiltration occurred and the mechanism by which
they traveled to the tray. Our preliminary studies have allowed us to develop two
hypotheses:
1) Cementation technique does have an effect on tray retention force. Cement
with greater cancellous bone penetration could prove to act as a barrier against
contaminating lipids.
2) Knee manipulation during cement-curing increases lipid contamination of the
cement-implant interface that compromises tibial tray fixation.
3) Tibial prep instrumentation that provides a tighter fit between the implant and
bone (i.e. “No Clearance”) may mitigate the risk of poor initial fixation.
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3.2 Experimental Cohorts

Study 1: Impact of implant “fit” and cementation technique mitigating risks of poor
fixation

Specimens assigned to Study 1 were incorporated into a 2-factor design-ofexperiments focused on factors which may reduce the deleterious impact of tray motion
during cementation when using the Attune TKA system (DePuy, Warsaw, IN). The first
factor was whether cement was applied only to the tibial bone or was applied to both the
tibial bone and the underside of the tibial implant. The second factor was the fit between
the intramedullary cone of the tibial implant and the cavity that was prepared in the tibial
bone. Two alternative sets of tibial instruments were used for tibial bone preparation. The
first set of tibial instruments created a “standard” fit with the implant which included a 1mm space around the keel structures of the intramedullary cone to allow for a cement
mantle. The second set of instruments created a created a “line-to-line” fit between the
tibial implant and the bone whereby the prepared bone had the exact shape of the tibial
implant.
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Table 2: Study 1 experimental Protocol. All knees received the Attune TKA system with motion protocol.
Cementation technique and tibial preparation instrumentation were varied. Designation between each specimen’s
control and experimental knee were randomized.

Control (Contralateral Knee)
•
•

Experimental Group 1
•
•

Standard Prep.
Cement on Bone Only (BO)
Experimental Group 2

•
•

Standard Prep. (Clearance)
Cement on Bone and Implant (BH)
Experimental Group 3

•
•

Line-Line (No-Clearance) Prep.
Cement on Bone and Implant

Line-Line (No-Clearance Prep.)
Cement on Bone Only

Study 2: Impact of knee Motion during tibial cementation on fixation strength.

Study 2 cadaveric specimens were assigned to one of nine contemporary TKA systems to
understand the general effect of the Motion protocol during cementation, where one knee
was received the experimental protocol. Each TKA is commercially available globally.
The first knee (randomly chosen) first knee received the No-Motion cohort, where the
knee balance manipulation protocol was not prescribed during the cement curing phase,
and the knee was left un-agitated for the duration of the cement polymerization. The
specimen’s contralateral knee which received the knee balance manipulation between
seven to nine minutes after initial cement mixing began. The peak pull-out strength and
lipid contamination metrics were compared against both groups by their implanted TKA
system, the instrumentation intramedullary canal preparation type associated with the
system, and lastly all systems grouped together.
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3.3 Methods

Cadaveric Specimens

TKAs were performed on a total of 48 lower extremity cadaveric specimens (96
knees, age = 68 ±11 years, height = 66 ±3inch, BMI = 24 ±7, 39 female / 57 male,
ScienceCare) and evaluated for the tibial component’s retention strength. All specimens
were fresh-frozen and were allowed to fully thaw to room temperature (65° F) prior to
surgery. Specimens with prior lower extremity injury, surgery, or compromised knee
ligaments were excluded from the experiment. Specifically, all specimens considered for
testing were subject to the following inclusion criteria: cadavers where both extremities
were without prior surgery or trauma no retained hardware, intact knee ligaments and,
radiographs without evidence of severe osteoporosis or advanced arthritis. Specimens
that violated any of the followed exclusion criteria, were not included: cadavers with
prior surgery or retained hardware, incompetent knee ligament structures, severe
osteoporosis, or anatomical variance between sides that would influence ability to
perform same sized implants.
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TKA Systems

Specimens assigned to Study 1 all received the Attune (DePuy Synthes, Warsaw,
IN, n=30) TKA system with either Line-Line or Standard tibia bone prep., depending on
its experimental condition. Specimens assigned to Study 2 were randomly assigned to
one of nine posterior-stabilized fixed bearing TKA systems (n=66). Study 2 TKA
systems included Sigma, Attune, Attune Revision, Attune S+ (DePuy Synthes, Warsaw,
IN), Triathlon (Stryker, Mahwah, NJ), NexGen, Persona, and Vanguard (ZimmerBiomet,
Warsaw, IN), and Genesis II (Smith and Nephew, Memphis, TN). The Attune and Attune
S+ knee system instrumentation provided two cone preparation methods: line-line (LTL)
and standard (STD). Standard instrumentation creates a one millimeter circumferential
gap between the cone and bone (“clearance fit”), whereas line-line created a tighter (submillimeter) fit (“no clearance fit”). All other knee systems were laser scanned (3D
Scanner HD and Scan Studio, NextEngine Inc, CA) to understand if variation in the fit
between prepared tibial bone and the tibial implant existed along the intramedullary cone,
versus preparation of a gap around the keel structures to accommodate a cement mantle
(Figure 13). Instrumentation to implant cone geometry differences of less than one-half
millimeter were classified into a no clearance fit group whereas those of greater than one
millimeter were considered as clearance fit. The no clearance fit group consisted of knee
systems Triathlon, NexGen, Persona, Vanguard, GenesisII, Attune (LTL), and Attune S+
(LTL). The clearance fit group consisted of knee systems Attune (STD), Attune (STD),
Attune Revision, and Sigma.
29

Attune
Stem.
GenesisII
NexGen

Persona

Cone to Intramedullary Broach Overlay
Sigma
Triathlon

Vanguard

Figure 14: Tibial component cone and broach instrumentation morphology comparisons. Implant (grey), Instrumentation (red); Top row: implant cone region overlay
with bone preparation instrumentation. Bottom row: level of clearance or no-clearance interference or clearance of the implant via tibial bone resection. Interference
(blue), Clearance (red); Attune and Attune S+ only vary in their plateau geometries, cone geometries are identical. Therefore, only once preparation configuration
(line-line or standard) is presented for each implant in this figure.

Attune
Attune S+
Clearance (STD) No Clearance (LTL)
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Surgery
All surgeries were performed by a single surgeon using the specified
instrumentation per each manufacturer’s recommendation. Each specimen in Study 1 was
randomly assigned into one of three experimental categories: 1) line-to-line tibial
preparation with cement applied only to the bone, 2) line-to-line tibial preparation with
cement applied to both the bone and implant, or 3) standard tibial preparation with
cement applied to both the bone and implant (Table 1). The first knee of each specimen
was considered the experimental knee and TKA surgery was performed as per the
guidelines of the assigned experimental group using the Attune primary knee system. The
contralateral knee received TKA as per the control group guidelines: Standard tibial
preparation with cement applied only to the bone. After cementation, both knees in each
specimen underwent the previously described manual knee balance assessment
intraoperatively.
In Study 2, the first knee of each specimen was implanted with an “ideal” cement
technique, cement was digitally pressurized into the bone, the implant was fully impacted
into the cement mantle, the excess cement was removed, and the cement fully cured
under digitally-applied pressure. The contralateral knee was cemented in the same
fashion, with the addition of the standardized knee balance assessment protocol
performed seven minutes after initial mixing of the bone cement. High-viscosity
SmartSetTM poly methyl methacrylate (PMMA) bone cement (Depuy Synthes Warsaw,
IN) was used for all specimens following thorough pulsatile lavage (MicroAire,
Charlottesville, VA) cleaning to clear debris from the cancellous bone.
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Knee Balance Assessment
The knee balance assessment consisted of a manually-applied varus and valgus
traction of the knee in full extension, followed by flexing and extending the knee through
the full range of Motion, then repeating the sequence again for a total of three times
(Figure 15). Following the balance assessment, the knee was left Motionless in full
extension for twenty minutes until complete polymerization of the cement, per the
manufacturer’s recommendation.

No-Motion

Motion
Abduction/adduction
Stress

Digital Pressure

Flexed to
90˚

Anterior/posterior
Drawer

a)
a)

b)

Perform 3x

Figure 15: Intraoperative experimental protocol for “Motion” and “No Motion” cohorts. a) “No Motion”
cohorts which only received digital pressure for the duration of cement polymerization. b) Knee balance
manipulation performed by the operating surgeon between 7-9 minutes following cement mixing begins with
an abduction/adduction stress, knee flexed to 90˚ followed by an anterior/posterior drawer test, performed a
total of three times.
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Mechanical Testing of Tibial Component-Bone Interface
Two hours following surgery, the implanted tibiae were extracted from the
specimen, skeletonized, and sectioned 150-mm below the joint line. The distal aspect of
the tibial specimens were secured in tubular fixtures with a PMMA based resin and
mounted onto the base of an Instron 5982 uniaxial test-frame. Tibial trays were attached
to the actuator via a universal joint and fixturing custom to each knee system’s tibial tray
(Figure 16a). Each tray was pulled proximally from the bone under displacement control
at a rate of 5 mm/minute until failure of the cemented-implant (Type I) or cement-bone
(Type II) interface, where peak retention force prior to failure was recorded (Figure 16b).
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Figure 16: a) Experimental setup with skeletonized tibia potted into a fixture loaded into Instron 5982
Uniaxial Test Frame for mechanical pull-off testing. Testing stopped upon a 2000N drop from peak pulloff value; b) Specimen failure case of implant-cement interface (Left, Type I) or cement-bone interface
(Right, Type II).
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Lipid Contamination Analysis

Upon the completion of the mechanical testing, the specimen’s failure mechanism
was characterized as 1) failure at the implant-cement interface, 2) failure at the cementbone interface, or 3) mixed failure between the implant-cement-bone interfaces. Tibial
bases that failed at the implant-cement interface were photographed to characterize the
amount of lipid contamination on the implant surface. Two-dimensional triangular
surface meshes of the tibial tray were overlaid and manually aligned to the images using
Hypermesh (Altair), where elements corresponding to contaminated areas of the implant
surface were identified. A custom Matlab script was used to quantify the contaminated
areas of the cone and plateau regions (“wet” areas of the tibial base where lipids were
present) normalized by the total surface area of the base (Figure 17). Quadrants of the
plateau were established by defining the midpoint along the anterior-posterior direction
and medial-lateral axes of the implant aligned in a Grood and Suntay coordinate system.
Proximal, middle, and distal regions of the cone or keel structures were defined by
dividing the surface area of the most distal point to the most proximal point of the cone or
keel into thirds of equal surface areas (Figure 18).
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i.

a.

c.

b.

ii

Figure 17: Process roadmap of quantifying surface lipid contamination of implants that failed cleanly at the
implant-cement interface; a. raw real image of an implant with lipid contaminated (i.) and uncontaminated (ii.)
regions); b. 2D triangular mesh (Altair Hypermesh) superimposed over real image of lipid-contaminated tibial
tray; c. 3D mesh (Altair Hypermesh) where dark blue and dark red regions represent lipid contamination of the
implant plateau and cone regions.

Anterior

Q2
(AM)

Proximal
Medial

Lateral

Q1
(AL)

Q4 (PL)

Middle

Q3
(PM)

Distal

Posterior

a.

b.

Figure 18: A visual representation of the regions in which each lipid cell’s location was allocated into; a. the plateau
is divided into quadrants where the surface area of each quadrant bisects the medial/lateral and anterior/posterior
axes; b. the cone is divided into thirds where the surface area is equal among each region.

Intra and Inter-observer Reliability
To validate the contaminated surface assessment methods, a repeatability study was
performed to quantify both intra- and inter-observer variability. An Attune (DePuy
Synthes, Warsaw, IN) size 5 tibial base with randomly chosen, moderately wet, area was
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analyzed by five independent observers, five times each. Intra- and inter-observer
measurements yielded mean percent wet area ± 1 SD of 67±3% and 69±3%, respectively.

Statistical Analysis
A 2-factor Analyses of Variance (ANOVAs) with Tukey-Kramer post hoc tests were
performed on data from Study 1 to understand the effect of cementation application and
bone preparation on implant retention strength and ultimately establish surgical methods
for Study 2. In addition, Analyses of Variance (ANOVAs) with Tukey-Kramer post hoc
tests were repeated for Study 2 to identify whether implant type or the balance
assessment significantly affected retention strength and the contaminated surface areas
across implant designs. Paired T-tests were executed to understand if significant
differences existed between experimental groups. Study 2 Motion and No-Motion cohorts
for each implant type were combined and correlation coefficients were calculated
between the tibial base uncontaminated surface areas and retention strengths for each
design. Statistical analyses were repeated after grouping all implant designs together
based on their assigned surgical protocol. For all statistical analyses, a confidence level of
5% was assumed to be a sufficient acceptance criterion.
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3.4 Results

Study 1: Cement Technique and Tibial Bone Preparation
Surgical implantation technique was explored by varying both cement application and
tibial bone preparation. Mean retention force was greatest in specimens which received
the Attune Line-Line bone preparation and cement on both surgical protocol (3021N ±
737N). This experimental group did present high lipid contamination and the lowest
contamination difference between its experimental and control knees (83% mean
contamination, 0.4% difference). Specimens which received the Attune Standard prep.
with cement on both yielded the lowest mean peak retention strength (1686N ± 790N).
Paired t-tests to between experimental and control protocol knees presented no statistical
significance across all groups in both mean peak retention forces and lipid contamination
percent area. (Figure 19, 20). Furthermore, Two-way ANOVA analysis presented no
significant difference in both mean peak retention forces and mean lipid contamination
percent area among all experimental groups against their control.
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Figure 19: Peak retention force (N) between experimental cementation techniques compared to its
contralateral knee control. Control comparison was the contralateral knee which received the Motion
protocol, standard bone preparation instrumentation, and cement was applied to the bone only. Paired t-test
presented no statistical significance between experimental and control groups. Two-way ANOVA also
presented no significant mean differences among cementation and bone preparation groups.

Figure 20: Lipid contamination (%) between experimental cementation techniques compared to its
contralateral knee control. Control comparison was the contralateral knee which received the Motion
protocol, standard bone preparation instrumentation, and cement was applied to the bone only. Paired ttest presented no statistical significance between experimental and control groups. Two-way ANOVA also
presented no significant mean differences lipid contamination area among cementation and bone
preparation groups.
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Study 2: No Motion vs. Motion
Retention forces and lipid contaminated surfaces of cemented fixed-bearing TKA
systems were analyzed in cadaveric specimens. Knees were subject to either intraoperative knee balance assessment (experimental) or no manipulation at all (control) for
the duration of allotted bone cement curing process. Specimens which failed at the
cement-bone interface (Type II, n=14) fractured with an average peak of 5176 ± 1557N
(Figure 21). All other specimens failed at the cement-implant interface (Type I, n=82),
which was considered as the ideal failure.

Type II Failure

a

c

b

Figure 21: a. Mean peak tensile loading of specimens upon bone failure at cement-bone interface (Type II
failure); b. Specimen failure case of specimen loaded into uniaxial test frame (Instron 8872); c. tibial implant
underside of bone failure case.
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All TKR systems experienced a decrease in retention force after intraoperative knee
balance assessment manipulation (Figure 22). Holistically, a significant difference was
observed between all No-Motion and Motion experimental groups when TKA systems
were grouped together (p=7.10e-5, Figure 23). Attune (Standard Prep.), Attune S+
(Standard Prep.), and Attune Revision TKA systems all experienced significant
reductions in tibial tray retention force (p ≤ 0.05). Attune S+ system yielded the highest
mean peak retention force of 6353N ± 1411 N, whereas Attune yielded the lowest mean
peak 1045N ± 616N among both Motion and No-Motion groups. Stryker’s Triathlon
TKA system was mostly unaffected to any deleterious effects of manipulation with only a
mean difference of 153N between Motion and No-Motion cohorts. NexGen (Zimmer
Biomet), Triathlon (Stryker), and Vanguard (Zimmer Biomet) systems also exhibited
decreases in retention forces after knee balance assessment with mean differences of
736N, 1313N, 153N, and 1289N, respectively. Although no significant differences in
retention forces were found in Attune (LTL Prep.), Attune S+ (LTL Prep), GenesisII,
NexGen, Persona, Sigma, Triathlon, and Vanguard systems, a clear negative trend
(R2=0.304) in all systems were observed when correlating retention forces to
contaminated surface area (Figure 24).
Significant differences in total lipid contamination area were observed among designs
grouped together between No-Motion and Motion cohorts (Paired T-test with Tukey
Post-hoc analysis, Figure 25). However, when isolating TKA systems, only Attune
Primary (Standard Prep.) and Attune Primary S+ (Standard Prep.) exhibited significant
differences in total lipid contaminated area between Motion and No-Motion groups
40

(Figure 16, p=0.0002, p=0.038), while no other implant system exhibited statistically
significant total lipid contamination.
In addition to significantly lower mean peak retention strengths, paired T-test analysis
also highlighted a statistically significant increase in lipid contamination when all TKA
systems were grouped together based on their prescribed motion protocol. Total and sub
region percent areas of the keel or cone and plateau regions all presented significance
(Table 2).
Two-way analysis of variance presented statistical significance in mean peak
retention force across No-Motion or Motion experimental cohorts in five of the eleven
TKA system configurations. The mean peak retention force of Attune Std. was
significantly different compared to Attune S+ LTL (p=0.00473) and Persona (p=0.0044).
Mean peak retention force of Attune S+ LTL was also significantly different than Sigma
(p=0.0165) and Vanguard (p=0.0029) knee systems. Lastly, Persona’s mean peak
retention force was statistically significant than Sigma (p=0.0153) and Vanguard
(p=0.0027) as well. No significance was observed across all percent lipid contamination
area across No-Motion and Motion cohorts.

41

42

2/3
3/3

p= 0.00473

*

3/3

*

2/3

p= 0.0044

3/3

3/3

p= 0.0029
p= 0.0027

p= 0.0153

2/3 3/3 2/3

p= 0.0165

3/3

Figure 22: Peak retention force (N) across No-Motion (left bar) and Motion (right bar) cohorts for each TKA system (figure top). Red numbers indicate
number of specimens in cohort that failed at the cement-bone interface (Type II). Statistical significance was observed between No-Motion (Cement Mantle)
and Motion (Cement Mantle) of Attune Std., Attune S+ Std., and Attune Stem. systems, with P-values of 0.005, 0.013, and 0.039, respectively. Two-way
analysis of variance (ANOVA, figure bellow) illustrates differences in mean variance between TKA systems. Red tick marks illustrate mean statistical
significance compared to highlighted systems of blue tick marks.

Two-Way ANOVA:

1/3

*

*

Figure 23: Peak retention forces (N) for all specimens and designs grouped together across No-Motion and Motion
cohorts. Statistically significant difference was observed (p=7.10e-5).
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Figure 24: Tray retention metrics for all Study 2 specimens, TKA systems and experimental groups were plotted against their percent total contaminated
surface area. A linear regression line was fit to the data (R2=0.304).

R = 0.304

Tray Retention v. Surface Lipid Contamination
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All bones
fractured
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Figure 25: Total Lipid Contamination (%) area of each TKA design across No-Motion and Motion cohorts. In systems Attune
S+ LTL No-Motion, Persona No-Motion and Motion, and Triathlon No-Motion all bones fractured, and no lipid
contamination analysis was performed on. Statistical significance was observed between No-Motion (Cement Mantle) and
Motion (Cement Handle) in Attune Std., Attune S+ Std., with P-values of 0.002 and 0.038, respectively. Two-way ANOVA
presented no significant difference in mean variances among all experimental cohorts and TKA system.
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Clearance vs. No Clearance
All Study 2 TKA systems and their corresponding specimens were evaluated for their
tibial bone preparation instrumentation and assigned to either a Clearance or No
Clearance group for statistical analysis. Within the clearance group, specimens which
received the Motion protocol experienced a significantly lower peak fixation strength and
significantly greater total and mean cone and plateau. A significant difference was
observed between No-Motion and Motion cohorts in both clearance and No Clearance
groups, with mean pull out strengths of 4503N ± 1800 vs. 1873N ± 917 and 4719N ±
1509 vs. 4046N ± 1621, respectively. In addition, a strong negative correlation was also
observed (R2=0.061) when comparing peak pull off strength and lipid contamination
among the Motion and No-Motion clearance cohort (Figure 26). Furthermore, the
clearance group exhibited significant lipid contamination across all regions of the plateau
and cone except for quadrant 3, whereas the No-Clearance group only showed significant
increase in contamination on the cone or keel region as a whole (p=0.0319). Only the
proximal third of the cone exhibited a significant increase in lipid contamination
(p=0.0468) in No Clearance Line-Line Prep. experimental cohort.
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Figure 26: Tray retention (N) metrics for all Study 2 specimens, TKA systems and No-Motion (filled circle) or Motion (hollow square)
groups were plotted against their percent total contaminated surface area. A linear regression line was fit to the data for both Clearance
(blue, R2=0.001) and No Clearance groups (red, R2=0.61).
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3.5 Discussion
TKA success can be heavily influenced by surgeon behavior. This study reports
the effect of intraoperative knee balance assessment on tibial baseplate fixation strength
of nine contemporary and commercially available TKA systems. In addition, it also
explores the robustness of surgical technique and bone preparation procedures to the
deleterious effects endogenous contaminants on implant fixation. To our knowledge no
published literature exists regarding endogenous contaminants and their contributing
failure mechanism pathways. This study is the first to isolate the effect of these
contaminating agents to further understand the failure mechanism of aseptic tibial
loosening conditions.
Through our own preliminary studies, it was evident that an endogenous
contaminating agent are present on the underside of tibial implants (Figure 2) which fail
at an uncharacteristically low tensile load, and may contribute to aseptic tibial loosening.
In addition, when surgeons use a single batch of cement for multi-component
cementation, their knee balance assessments are often performed while the cement in still
in its curing (polymerization) phase as noted in the manufacturer’s instruction manual,
which we hypothesize contributes to aseptic loosening.
Our study explored the effect of cementation technique by varying cement
application: bone only, implant and bone, as well as tibial resection preparation: LineLine and Standard. Their fixation strength was tested by first defining it as the peak axial
tensile yield strength of the tray, whereas failure was defined as a drop of 2000N with
increasing displacement, then loading it axially. Of the specimens that failed at the
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cement-implant interface (Type I) as opposed to the cement-bone interface (Type II),
lipid contamination analysis was performed to further understand the pathway in which
lipids migrate to and contaminate the implant cement-interface. Correlations between
fixation strength and lipid contamination were assessed and compared across implant
types.
In study 1, there was no significant difference between control and experimental
knees when analyzing both retention strength and lipid contamination. The standard prep.
was used as the control because of its popularity and abundance with the Attune knee
system, while the Line-Line was a next generation of the surgical instrumentation.
Therefore, it was assumed that the Line-Line prep. would rescue fixation force in an undeal implantation technique, yet it was not evident. In addition, the use of cement on both
the bone and implant was hypothesized to increase bone cement interdigitation, and
therefore pushing the lipids further away from the intramedullary canal and tibial plateau.
Both experimental techniques and their variations did not rescue the effects of knee
motion during cement curing. No significant difference was observed between control
and experimental knees, and no rescuing abilities were present. We believe the variation
in specimen bone quality may have been a contributing factor to our observations. It is
likely that the variation in bone densities and qualities may have been more significant
than the possible benefits of using one cement or surgical technique over the other.
In study 2, when compared to their No-Motion contralateral knee, all eleven knee
systems individually studied showed a statistically significant reduction in fixation
strength after the knee balance manipulation was applied during the PMMA cement
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curing phase. Variations in cement placement (cement on implant only or bone and
implant) procedure presented no significant ability to mitigate the effect of intraoperative
knee balance assessment on fixation strength nor lipid contamination. Furthermore, all
cohorts that failed at the cement-implant interface (Type I) exhibited a statistically
significant increase in lipid marrow contamination between Motion and No-Motion
cohorts. When studied together, a strong negative correlation can be seen between
fixation strength and lipid contamination.
All TKA systems classified as clearance exhibited statistically significant
reductions in fixation strength and increases in lipid contamination, suggesting that a
cement-mantle surrounding the implant may prove to be detrimental to the success of
tibial base plate implantation. More specifically, the No-Clearance group exhibited an
increase in lipid contamination around the proximal cone region and could be correlated
with the drop in retention force after a knee balance assessment manipulation.
Significant differences compared to Attune and Attune S+ with Standard prep.
was seen in the study 2 specimens implanted with these systems. This was contrary to
what we observed in study 1, and may likely be due to the use of specimens with greater
bone quality and higher density. Therefore, we can conclude that the tighter fit of the
bone in Line-Line or a No-Clearance knee systems may be more robust to intraoperative
knee balance manipulations than there Clearance knee system competitors.
Most undercut cement pockets and cement locking features observed existed
solely within the plateau region of the tray. Although pooling was observed, no
significant difference was observed in plateau contamination between No-Motion and
50

Motion cohorts. However, results from this study indicate that lipid pooling in the
proximal region of the cone significantly reduces fixation strength and may contribute to
aseptic tibial component loosening. Therefore, future design efforts should be focused
around maximizing the cone or keel structures fixation ability in addition to that of the
plateau.
Our study confirms that when the final knee balance assessment is performed
during the cement’s curing phase, the intraoperative manipulation can increase surface
contaminants at the cement-implant interface, compromising initial tray fixation.
It is important to note that five out of six tested specimens implanted with Stryker
Triathlon fractured during mechanical testing, in addition to all specimens of Attune S+
(Line-Line) and Persona systems, therefore an adequate sample size was unachievable to
understand lipid contamination of the No-Motion Triathlon-implanted specimens
(Appendix D).
In a clinical setting, this study has illustrated that an implant system which does
not prepare a cement-mantle (Clearance) in which the surgeon does not move or perform
a final knee balance manipulation throughout the entirety of the cement curing phase will
reduce lipid contamination and ensure a strong bond between the implant and bone
cement and potentially lower the likelihood for revision surgery. Although this will
increase the operative time and may limit the number of procedures a surgeon could
typically perform in a day, it may enhance the outcome for the patient and the success
rate for the surgery.
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Maximizing tray retention strength may minimize the likeliness of contaminating
agents sacrificing initial tray fixation, ultimately leading to a revision surgery. However,
a balance in retention strength vs. revisability must be met when designing a TKA system
with the goal of maximizing retention strength because tibial base plate loosening is not
the only indication for a revision surgery. Typically, a revision surgery requires the
removal of far more bone tissue than a primary surgery. Therefore, a tibial baseplate with
a retention strength beyond the modulus of cancellous bone, may complicate its removal
and could require the surgeon to remove more bone to remove the implant as compared
to another implant with a lower peak retention strength. Patients who suffer from
degenerative osteolytic conditions are likely not capable of recovering from excessive
bone loss and may encounter a myriad of other issues as a result.
Changes in surgical procedure may prove to reduce the risk of arthroplasty failure
and likeliness of revision surgery. With our findings, we can conclude that LMI does
occur when a final knee balance manipulation is performed prior to cement
polymerization. It is likely that the mechanism of the manipulation pressurizes cancellous
bone and drives the movement of lipids through the cancellous cavities up on to the
surface of the tibial component. The link between retention strength and survivorship is
unclear, but we have shown aseptic loosening is multifactorial, and knee Motion and lipid
contamination are likely contributors.
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3.6 Limitations and Future Directions
This study has several limitations. The first being that no chemical assay was
performed on the presumed lipids present on the underside of the tibial tray after fixation
strength testing. Although we speculate these contaminates are lipids originating from the
specimen’s bone marrow, these fluids are contaminating agents, and have been present at
the implant-cement interface failures of every tested specimen. In addition, all surgeries
and mechanical testing was performed on cadaveric specimens that were once frozen and
then thawed before operation. The freezing and thawing actions coupled with postmortem changes in lipid marrow viscosities may not truly represent in vivo conditions
and should be noted.
Variations in cancellous bone densities between specimens may confound the
retention strength of an implant among the specimens where the bone has fractured.
Factors such as age, sex, BMI, and cause of death, coupled with the amount of time
between tissue dissection and mechanical testing may influence the quality of the
cancellous bone. Significant differences between cancellous bone densities could result in
inconsistent PMMA bone cement penetration and pulse lavage decontamination of the
tibial canal resection, therefore confounding retention force and lipid contamination
metrics.
Although intra-observer and inter-observer differences were statistically
insignificant, the mapping between two-dimensional images to three-dimensional
representations of the contaminated lipid area is likely to over or under-represent the
contaminated area accurately. In addition, no automated algorithm was used in the
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alignment of the stereo images of the contaminated areas base trays to the threedimensional implant mesh. Observer variability must be considered when interpreting the
data.
Specimens that failed at the cement-bone interface (Type II failure) with low peak
retention forces often presented with low bone quality, as reported by the surgeon.
Despite screening cadaveric specimens against osteoarthritis, knee trauma and chronic
smoking, it is believed that some chemo-based cancer treatments contribute to a decline
in the patient’s bone quality (Sugita, 1999). Although certain specimens were not
excluded, we observed specimens reported with cancer treatments prior to death often
exhibited inferior bone quality and could have contributed to failures at the cement-bone
interface due to their uncharacteristically low peak retention force.
In the future advancements of this study, a few changes should be made to further
understand the effects of lipid contamination and the best possible method to mitigate
them. First, more commercially available knee systems should be studied. Analyzing
more tibial implant underside features could allow us to enhance our understanding on
which features work best in maximizing implant fixation and protection against
contaminants. In addition, a greater number of commercially available High-Viscosity
PMMA bone cements should be examined as well because many variations exist and are
currently used by many surgeons around the world. Different pulse lavage systems
should be implemented in the surgical method of this study, in combination with the use
of an intramedullary plug, what is commonly used in the operating room today.
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On the analysis end, an automated algorithm image-to-mesh alignment pipeline
and implant lipid contamination quantification could reduce the inter and intra-observer
error. Modern day neural networks and machine learning algorithms are capable of object
detection and could be optimized to identify the dry versus wet areas of the tibial
component’s underside surface. And lastly, a chemical assay should be performed on the
lipids present on the tray after a cement-implant failure to understand the molecular
make-up of the contaminants, where an impermeable PMMA bonce cement could be
developed in the future.
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Chapter 4: Concluding Remarks and Recommendations
This study was the first to underline the deleterious effects of contaminating agents
drawn from an intraoperative knee balance assessment in a cadaveric setting. It began by
exploring various cementation and tibial bone resection methods to understand their
robustness to Lipid Marrow Infiltration, which lead to the formation of an ideal TKA
surgical method: using a TKA system with a keel-dominant tibial cruciform geometry
(Triathlon-like geometry), Line-Line preparation with bone cement applied to the bone
only, and no knee balance assessment performance for the duration of the cement’s
curing phase. This study was also the first to challenge the most successful commercially
available TKA systems on the market in their ability to mitigate endogenous
contaminants. As a result, we were able to conclude that modern day tibial TKA
components must be able to withstand no less than 4500N of peak retention force during
an axial loading test.
In addition to retention strength, this study also successfully mapped the mechanism
in which endogenous contaminating agents were compromising initial tibial tray fixation.
The deleterious effects of a knee balance assessment manipulation during the cement’s
curing phase mobilized lipids to the implant surface and inhibited proper adherence of the
bone cement. It also concluded that contamination of the cone region proved to be
significantly more deleterious than contamination of the plateau region, which would
indicate future design iterations should focus their efforts on new fixation features that
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would maximize cone retention into the cancellous bone and cement as well as the
plateau.
In the surgical setting, completely removing endogenous contaminants may not be
possible, but preventing them from reaching the surface of the implant could mitigate the
deleterious effects on tray fixation. Previous literature has already highlighted the
benefits of using pulsatile lavage to irrigate and debris the intramedullary canal from
contaminating agents, but it can be improved through the use of special nozzle fittings,
specific to the TKA system’s cone or keel geometry, to reach debris deeper in the canal
in hopes of protecting the cone or keel from contaminants. A cone fitting for the lavage
system coupled with a stronger vacuum could significantly reduce the amount of
contaminating agents local to the distal cone feature. Also, suction applied to bine pin
holes may also help to reduced pressure waves generated during impaction of the
implant.
In addition, the use of a PMMA bone cement specifically designed to be impermeable
to lipids found in the cancellous bone could provide the ultimate barrier needed to block
the contaminants. It may also allow the surgeon to perform their knee balance
assessments while the cement is in its curing phase, acting as a failsafe mechanism in
case the surgeon does not wait for complete polymerization of the cement. A chemical
assay of the contaminants could prove useful to both confirm the contaminants are lipids
originating from the specimen’s marrow, but also to provide the molecular makeup and
the blueprint to a cement impermeable to such molecules found naturally in human bone.
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In future directions of this study, greater effort should be made to avoid specimens
with reported history of cancer and chemo-based cancer treatments to avoid any
confounding results due to poor bone quality or medications whose side-effects lead to a
decline in bone mineral density and bone quality.
To make the biggest impact and to ensure the best possible outcome for their patients
today, surgeons implanting a cemented TKA system should not perform a knee balance
assessment during the operation while the bone cement is curing, regardless of system
being used.
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Appendix A: Peak pull-off force (PO N) mean and standard deviation comparisons among cementation
technique cohorts. Control specimens consisted of the contralateral knee with Attune standard prep.
system, Motion applied, and cement applied to the bone only.
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Appendix B: Implant specific peak pull out forces (PO N) and lipid contamination (C %) metrics between No-Motion (NM) and Motion (M) cohorts.
Green cells indicate significant difference between No-Motion and Motion cohorts (p-value<0.05). Red cells indicate bone fractures and sample size
of n=1, green cells indicate statistical significance. All specimens with the Attune S+ with the line-line instrumentation, Persona, and Triathlon NoMotion implants failed at the cement-bone interface and therefore no lipid metrics were calculated. Two out of three specimens which received the
GenesiII No-Motion protocol, NexGEN No-Motion protocol, and Triathlon Motion protocol failed at the cement-bone interface and therefore no
standard deviation is reported.
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Appendix C: Peak pull-off force (PO N) and lipid contamination (C %) metrics of all specimens grouped together
across all experimental cohorts. Green cells indicate significance between Motion and No-Motion cohorts (pvalue<0.05).
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Appendix D: Peak pull-off force (PO N) and lipid contamination (C %) metrics of all specimens grouped via broach clearance
definition via laser scanning metrology (Clearance vs. No-clearance). Green cells indicate significance between Motion and No-Motion
cohorts (p-value<0.05).

